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Connecting structure, dynamics and viscosity in
sheared soft colloidal liquids: a medley of
anisotropic fluctuations†
Fabian Westermeier,*a David Pennicard,b Helmut Hirsemann,b Ulrich H. Wagner,c
Christoph Rau,‡§c Heinz Graafsma,¶b Peter Schall,d M. Paul Lettinga8*e and
Bernd Struthb
Structural distortion and relaxation are central to any liquid flow. Their full understanding requires
simultaneous probing of the mechanical as well as structural and dynamical response. We provide the
first full dynamical measurement of the transient structure using combined coherent X-ray scattering
and rheology on electrostatically interacting colloidal fluids. We find a stress overshoot during the start-up
of shear which is due to the strong anisotropic overstretching and compression of nearest-neighbor
distances. The rheological response is reflected in uncorrelated entropy-driven intensity fluctuations.
While the structural distortion under steady shear is well described by Smoluchowski theory, we find an
increase of the particle dynamics beyond the trivial contribution of flow. After the cessation of shear, the
full fluid microstructure and dynamics are restored, both on the structural relaxation timescale. We thus
find unique structure-dynamics relations in liquid flow, responsible for the macroscopic rheological
behavior of the system.
1 Introduction
The flow behavior of liquids and complex fluids is intimately
connected to the adaptation of their structure. It is well known
that many complex fluids dramatically change their mechanical
properties when they are subjected to flow. One of the great
challenges in fluid dynamics is to connect this transient material
response to the underlying microstructure and dynamics. Such
a connection is diﬃcult to establish in conventional atomic
liquids due to the involved small lengths and short time scales;
this would require the observation of the atomic structure and
dynamics simultaneously during rheological measurements,
and on time scales shorter than their flow relaxation time, a
prohibitively diﬃcult task for atomic liquids. We show here how
probing the microscopic response of charged colloidal dispersions
by high-flux coherent X-ray scattering during transient shear
experiments gives unique insight into the mechanical response
of liquids.
Suspensions of colloidal particles provide simple model
systems for condensed matter as they can form liquid and
crystal phases as well as gel and glass states by varying the
concentration and interaction potential of the particles.1–3 Each
of these phases displays rich rheological behavior, covering
wide ranges of non-Newtonian responses.4,5 The rheological
behavior is central to applications of these suspensions in food,
paints and cosmetics as well as to the function of biological
systems. The ability to directly observe colloidal suspensions
allows for a direct test of theoretical descriptions of their flow
and transient behavior.6–8
Although the fluid phase of colloidal hard spheres is con-
ceptually the simplest phase, its rheology is still very complex.9
In the regime of low shear rates, the viscosity decreases with
increasing shear rate – the sample shows shear thinning – even
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at low volume fractions.10 Yet, at high shear rates, strong shear
thickening occurs due to hydro-clustering.11–13 The distortion
of the microstructure when convective forces dominate Brownian
motion is thought to play a crucial role both in shear thinning
and thickening. Steady-state shear distortion has been observed
for a broad range of particle volume fractions and systems, in
hard sphere systems14–21 as well as in charge-stabilized systems
interacting via long range particle interactions.18,21–23 A variety of
methods has been used for these investigations, among them static
light scattering,14–16,23 neutron scattering17–19,24,25 and X-ray scatter-
ing.26–28 During the last years, scanning confocal microscopy13,20,21
enabled the access to the three-dimensional structure of liquids
under shear. The same was recently achieved by a combination of
different sample geometries using neutron scattering.29,30
The structural distortions aﬀect the shear-induced diﬀusion
of the colloidal particles, hence coupling back to the flow
dynamics. This eﬀect is pronounced for colloidal glasses,7,31
but is expected to be less pronounced for liquids, as the liquid
phase is ergodic. On the other hand, a soft interaction potential
may enhance structural distortions, as observed for soft
glasses.32–34 Clearly, the underlying dynamics of the particles
also plays an important role and therefore, a pronounced coupling
between rheology, microstructure and particle dynamics is to be
expected. Connecting transient rheological behavior with the
dynamically changing structure remains challenging even for this
conceptually simple model system, despite its importance to many
applications, and fundamental understanding of liquid flow.
In this paper we elucidate just this relation between transient
rheology and adapting liquid structure, connecting these by
dynamic structure factor measurements during rheological
experiments. By performing coherent X-ray scattering experi-
ments during the start-up, steady shear and relaxation of a
colloidal fluid, we reveal the dynamically changing microscopic
structure and dynamics that underlie the complex rheological
behavior. Using two diﬀerent scattering geometries, we determine
the full three-dimensional structure factor revealing the strong
shear-induced distortion of the nearest-neighbor structure. We
find that the initial stress overshoot is caused by an overstretching
and compression of particle distances, which increases nearest-
neighbor potentials by several kBT, with Boltzmann constant kB
and absolute temperature T. The increase in stress is accom-
panied by a high-entropy state, signaled by enhanced intensity
fluctuations. After the cessation of shear, the driving force is the
restoration of the compressed liquid structure to its quiescent
configuration. These measurements for the first time give a full
time-resolved, three-dimensional picture of the distortion and
relaxation of liquids driven far out of equilibrium.
2 Experimental and methods
2.1 Rheometer and beamline setup
To probe the mechanical response simultaneously with the
microscopic structure and dynamics, we employ a novel combi-
nation of rheology and dynamic X-ray scattering. This setup
provides instantaneous structure factor measurements of the
sheared suspension as reported in ref. 35–37, and is extended
here to allow for full structural and dynamical characterization
in three dimensions. We exploit the high flux and high brilliance
of third-generation synchrotron sources to record dynamically
correlated data sets and determine the dynamic structure factor.
To use a commercial rheometer (MARS III, Thermo Fischer,
Germany), a partially coherent X-ray beam was deflected by
Germanium crystal optics by 901, resulting in a vertical X-ray
beam, parallel to the rotation axis of the rheometer. This beam
passes through the layer of sheared suspension at around 14 mm
to the rheometer axis. This setup is equivalent to the pilot
installation at beamline BW1, DORIS III, DESY.35 We employed
two shear geometries: plate–plate and Couette geometries, both
fabricated from polyimide (Vespel, DuPont) to reduce X-ray
absorption at moderate X-ray energies. A gap opening of
0.8 mm was used in the plate–plate geometry. The Couette
geometry consists of two concentric cylinders of, respectively,
30 and 28 mm, so that the gap is 1.0 mm, while the height of the
cylinders is 3.0 mm.
The measurements in Couette geometry were performed in
the middle of the sample cell’s gap. In the plate–plate geometry
the beam is directed along the gradient-of-velocity direction (in
short the gradient direction rv) so that structures that scatter
in the flow direction (v) or the vorticity direction (r  v) are
probed. In the Couette geometry the beam is directed along the
vorticity direction so that the flow-gradient plane is probed.
Please note that the rheometer is stress-controlled and thus
always moving slightly when switched on.
The use of two rheological geometries, a plate–plate and a
Couette geometry,38 allows probing the nearest-neighbor struc-
ture in three dimensions. We scale shear rates _g by the measured
translational diffusion coefficient of a colloidal sphere of mean
radius R0 at infinite dilution D0E kBT/(6pZ0R0) in a solvent with
viscosity Z0, to define the Pe´clet number Pe = _gR0
2/D0. Structural
distortions are expected to become pronounced for Pe4 1, when
shear-induced motion dominates the diffusion and thermal
motion can no longer equilibrate the structure.
The experiments were performed at beamline P10 of PETRA
III at DESY, Germany,39 at a photon energy of 8.05 keV corres-
ponding to a wavelength of l = 0.15 nm. To obtain a transversally
coherent X-ray beam and a suﬃcient small speckle size in the
detector plane, a set of slits upstream of the rheometer reduced
the beamsize to typically 20 20 mm2 to 30 30 mm2 for coherent
X-ray scattering experiments. Additional experiments have been
performed at beamline I13 of the Diamond Light Source (DLS),
Didcot, UK, at the same photon energy and beamsize.
2.2 X-ray detector: LAMBDA detector
For the detection of anisotropic scattering patterns, a 2D photon
counting detector is ideally suited, such as the novel LAMBDA
detector, developed at DESY, Hamburg.50 It is based on the
Medipix3RX readout Application Specific Integrated Circuits,40
bump bonded to a 300 mm silicon sensor, which results in a
high quantum eﬃciency close to 100%. The LAMBDA satisfies
the three main needs of a coherent scattering experiment: a
suﬃcient small pixel size of 55  55 mm2 to spatially resolve
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speckle patterns, a high framing speed of up to 2000 frames per s
with no time gap between consecutive frames to measure
fast changes of the sample and a low noise level which is
especially required if the framing rates of the detector are fast
and thus the actually detected photons per pixel and frame are
accordingly small.
The LAMBDA was placed at a distance RdetE 3.5 m (PETRA
III) or 2.0 m (DLS) downstream of the sample position. The
distance between the rheometer and the detector was bridged
by a flight tube filled with Helium to minimize air scattering.
2.3 Sample
The colloidal fluid consists of almost monodisperse spherical
silica particles suspended at a particle volume fraction of f = 0.075
in poly-propylene glycol with an average molecular weight of
4000 g mol1 (PPG 4000) and a dynamic viscosity of 0.98 Pa s at
25 1C.41 The SiO2-particles were prepared by poly-condensation
of tetraethyl-orthosilicate (Si(OC2H5)4) according to a Sto¨ber
synthesis.42 In a second reaction step, the particles were coated
with 3-trimethoxysilyl-propyl-methacrylate (C10H20O5Si). The
mean particle radius was R0 = 105 nm with a particle size
polydispersity of DR/R0 = 5.2%. The charged particles interact
via long-range electrostatic repulsion. We determine an eﬀective
charge of Zeﬀ = 130e
 and a Debye screening length 1/k = 75 nm
from excellent fits of the scattering data with the recently introduced
Modified Penetrating Background-Corrected Rescaled Mean
Spherical Approximation (MPB-RMSA).43,44 Thus, the eﬀective
radius of the particles is Reﬀ = 180 nm and the eﬀective volume
fraction equals feﬀ = 0.38, corresponding to an average particle–
particle distance of 361 nm. Hence, this is a very soft system.
2.4 X-ray scattering experiments
Steady shear rates in the range between 0.0005 s1 and 20 s1
have been probed. Scattering patterns were recorded with
10 000 to 24 000 frames per series. These series were always
started 5 seconds before the rheometer started its motion and
continued for 15 to 35 seconds after the rheometer stopped
probing. To evaluate both the time evolution and the formation
of anisotropy of the microstructure of the sample, the momentum
transfer Q dependent scattering intensity I(Q) was extracted
temporally and azimuthally resolved. 25 frames of 0.002 s and
0.01 s exposure time each (resulting in a time resolution of
0.05 s and 0.25 s, respectively) were summed up for enhanced
statistics, and I(Q) was extracted for azimuthal slices of a width
of 41 and 101, respectively.
The scattering intensity I(Q) depends inter alia on the shape,
size and size-distribution of the scatterers, given by the single
particle form-factor P(Q). For systems with direct particle
interactions, I(Q) is also modulated due to additional ordering
of the particles, I(Q) p P(Q)  S(Q), where S(Q) is the static
structure factor of the sample, which was subsequently derived
from the scattering data by division with a scaled particle form
factor. These S(Q) were fitted using the MPB-RMSA model.
To evaluate overall intensity fluctuations in a region of
interest (defined by a scattering vector segment DQ and an
azimuthal angle segment Dy), the standard deviation of all
recorded intensity values of 25 frames (corresponding to a time
interval of 0.05 s to 0.25 s) was calculated. This value, s(Dt, Dy,
DQ), was normalized by its temporal mean:
snormðDt;Dy;DQÞ ¼ sðDt;Dy;DQÞ
sðDy;DQÞ : (1)
2.5 X-ray photon correlation spectroscopy in flow
In X-ray Photon Correlation Spectroscopy (XPCS),45 the motion
of scatterers leads to fluctuations of the scattered light intensity
which is thus directly related to the particle dynamics via the
intensity auto-correlation function
g2ðQ; tÞ ¼ IðQ; tÞIðQ; tþ tÞh it
IðQ; tÞh it2
(2)
where h  it denotes a time average and t is the lag time
between diﬀerent events46,47 as shown previously for quiescent
suspensions.48,49 The application to sheared suspensions
requires excellent stability of the rheology setup, and excellent
time resolution. Here, the use of the new pixelated 2D photon
counting detector, the LAMBDA50 is crucial, providing state-of-
the-art temporal as well as spatial resolution.
Due to the intrinsic assumption (and subsequent calculation) of
time averages, XPCS as a technique can only give access to mean
sample dynamics for a certain time period. Therefore, to access
changes in the sample dynamics with respect to the experimental
time, intensity autocorrelation functions were calculated for
diﬀerent time intervals. While the interval length was 2 s (corres-
ponding to 1000 frames of 0.002 s exposure time), the time step
between two subsequent intervals was 0.4 s (corresponding to
200 frames), thus resulting in a temporal overlap between two
consecutive autocorrelation functions. Please note that due to
the negligible scattering signal of the PPG 4000 polymers the
scattering signal is strongly dominated by the colloidal particles
and hence only the dynamics of the colloidal particles and not of
the suspension medium PPG 4000 is accessed.
Recently XPCS has also been applied to measure local velocities
in microfluidics,51 which is important since for complex fluids also
complex responses like shear banding should be anticipated.52 In
the case of a fluid in laminar flow, the autocorrelation functions are
determined by three factors: (a) the diﬀusive motion of the
scatterers due to thermal fluctuations in the sample, characterized
by the relaxation rate G which is related to the short-time diﬀusion
coeﬃcient D(Q) by G(Q) = D(Q)Q2; (b) the transit time of the
particles in the scattering volume, depending on the size of
the scattering volume h and the average velocity of the particles
nt p v0/h; (c) a shear induced decorrelation depending on the
velocity gradient of the scatterers, characterized by the shear
relaxation rate Gs and depending on Q and the average flow
velocity v0 via Gs = QJv0.
As the three factors determining the intensity autocorrela-
tion function depend on the scattering geometry, they lead to
ref. 53–55
g2,>(Q,t) = bexp[2Gt]exp[(ntt)2] + 1 (3)
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and
g2;kðQ; t; _gÞ ¼ b  exp 2Gt 1þ ð
_gtÞ2
3
  
 exp  vttð Þ2
h i
 sin Gstð Þ
Gst
 2
þ 1
(4)
where b is the experimental contrast of the autocorrelation
function and Q is the momentum transfer with the components
QJ parallel and Q> perpendicular to the flow direction. For
details of the azimuthal dependence of the intensity autocorre-
lation function we refer to the ESI.†
2.6 Liquid structure distortion theory
To analyze the distortion of the structure factor, we modeled
S(Q) with generalized Smoluchowski theory on the two-particle
level, which neglects hydrodynamic interactions.23,56 In particular,
we followed eqn (3) of ref. 23
S0ðQ;PeÞ
¼SeqðQÞþ 2
PeQv
exp
2Qrv
Qv
Qv
2þ1
3
Qrv2þQrv2
 
Pe
0
BB@
1
CCA

ð1
Qrv
dC Qv
2þC2þQrv2
 
Seq Qv
2þC2þQrv2
 1=2 	SeqðQÞh i
exp 2C
Qv
Qv
2þ1
3
C2þQrv2
 
Pe
0
BB@
1
CCA:
(5)
Here, Qv, Qrv, and Qrv are the magnitudes of the components of
the scattering wavevector Q along the flow, gradient, and vorticity
direction, respectively and Seq is the static structure factor in
equilibrium.
3 Results and discussion
3.1 Microstructure under steady shear flow
3.1.1 Shear deformed microstructure. The colloidal fluid
exhibits pronounced shear-thinning, as shown by the decreasing
viscosity as a function of shear rate in Fig. 1b, while the pure
suspension medium shows only marginal changes in the viscosity
with flow (see ESI,† for details). Shear thinning sets in at PeZ 0.25
and continues for higher shear rates until a Newtonian plateau
at Pe Z 20 is reached. The X-ray measurements reveal a
concomitant distortion of the nearest-neighbor structure as
shown in Fig. 1a, left column. The figure combines both
plate–plate (top) and Couette geometries (bottom), allowing us
to determine the full three-dimensional structure factor. With
increasing shear rate, the structure factor becomes elliptically
distorted in the flow-gradient plane for Pe o 1, with the long
axis oriented along the compressional direction, as shown for
Pe = 0.58 in Fig. 2a. At Pe 4 1, in agreement with Ackerson,22
two pairs of maxima emerge, indicating distinct two-particle
configurations in the shear plane, as visible for Pe = 5.76. The
corresponding real-space pair-distribution function g(r) is
shown in Fig. 2c and d, together with a probability plot of the
most likely two-particle configurations, Fig. 2e and f.
Fig. 1 Viscosity and static structure factors at steady shear. (a) S(Q) as
measured (left columns) and as calculated using eqn (5) (right columns)
in the flow-gradient plane (Couette geometry, top 4 rows) and in the flow-
vorticity plane (plate–plate geometry, bottom 4 rows, tilted) for Pe = 0.058,
0.58, 5.76 and 57.6 (bottom to top and in reverse order, respectively). The
color-scale is identical for all images. Flow v, gradient rv and vorticity
r  v direction are indicated by the coordinate system. The definition of
the angle in the flow-gradient plane, j, and in the flow-vorticity plane, c,
are indicated in the top and fifth row, respectively. (b) Viscosity as a function
of Pe´clet number for values in between 0.0028 and 115.2 (corresponding to
shear rates in between 0.005 s1 and 20 s1).
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The two pairs of distinct peaks indicate two co-existing
orientational states: first, maxima and minima along the com-
pressional and extensional axis form as the particle distance
is compressed from an equilibrium distance of 350 nm to
335 nm due to the compressional component of shear flow,
and stretched to 367 nm due to the dilatational component.
Second, density fluctuations in the flow direction are mixed by
convection, while this is not the case in the other two principal
directions. Hence, the structure peak in the flow direction
disappears while it remains mainly unaﬀected in the gradient
and vorticity direction.
These trends are largely confirmed in theoretical modeling
of the shear-distorted structure factor. We modeled the distortion
of the structure factor with generalized Smoluchowski theory on
the two-particle level, neglecting hydrodynamic interactions
following ref. 23 and 56 (see Experimental and methods for
details). The theoretical results are compared with the experi-
mental structure factor in Fig. 1a (right column). Generally, the
theory and experiments show good agreement. In hard sphere
systems, the thermodynamic, Brownian stresses dominate
the hydrodynamic stresses in the shear thinning regime,17,57
which seems to hold for strongly charged systems mainly
interacting via long range repulsive interactions.
We can understand the compression of the particles quan-
titatively: assuming an isotropic charge distribution, we estimate
that the osmotically compressed particle distance gives rise to a
force of 0.15kBT nm
1 in the compression direction at Pe = 5.8.
With the assumption of a linear flow profile between the two
rheometer walls, this force is indeed of the same order as the
Stokes drag between these two particles which we estimate to be
0.20kBT nm
1, thus balancing the electrostatic force driving back
the particles to their quiescent configuration.
3.1.2 Shear rate dependence of the microstructural distor-
tion. To compare these distortions in detail, we determine the
excess equilibrium structure factor over that in steady shear,
DS(Qmax) = S
eq(Qmax)  Sshear(Qmax), which we plot together with
the peak position Qmax as a function of Pe´clet number in Fig. 3.
Symbols indicate experimental data, and solid lines predictions
by Smoluchowski theory. Both show consistently that devia-
tions from the equilibrium structure start to emerge in the
compression and dilation directions at Pe E 0.25, precisely
where shear thinning sets in. The corresponding dilation and
compression of nearest-neighbor distances is clearly observed
Fig. 2 Three-dimensional structure factor, pair correlation function and
real-space representation at Pe = 5.76. Left column: Flow-gradient plane
(Couette geometry); Right column: Flow-vorticity plane (plate–plate
geometry). (a and b) Measured S(Q) at Pe = 5.76, as also shown in Fig. 1,
with a schematic representation of the extensional and compressional
direction. (c and d) Corresponding pair-correlation functions. (e and f) Real
space representation of the most probable two particle configurations in
the particular plane.
Fig. 3 Shear-rate dependence of the structural distortions. (a) Relative
height DS(Qmax) = S
eq(Qmax)  Sshear(Qmax); (b) positionQmax; and (c) angular
position j of the first maximum of the static structure factor S(Q) for flow,
gradient and vorticity direction, the direction of extensional and compressional
flow and the maximum close to the compressional direction. The angular
position in flow-gradient plane is defined in Fig. 1a, with respect to the flow
direction.
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in the shift of Qmax along the respective directions. Both lead to
an increase of DS(Qmax) indicating the resulting enhanced
structural distortion. Changes in the flow direction follow at
Pe E 0.8, showing a strong increase of DS(Qmax), as predicted,
and only a slight decrease in Qmax. In the directions perpendi-
cular to the flow (flow gradient and vorticity direction), changes
occur only at the highest Pe, accompanied by a slight decrease
(vorticity) and increase (gradient) of the inter-particle distance.
In the velocity-gradient plane, around Pe = 0.5, we observe the
evolution of two distinct maxima pairs. With increasing shear
rate one of the pairs rotates towards the compressional axis,
see Fig. 3c. This indicates that indeed the microstructure is
strongly compressed, compared to the equilibrium structure
depicted in Fig. 2a. Discrepancy between theory and experi-
ment occurs in the vorticity direction, where DS(Qmax) increases
at much lower Pe than predicted, and inter-particle distances
decrease rather than increase as predicted by theory (cf. orange
symbols and line). These deviations in the vorticity direction
hint at hydrodynamic interactions, which are not included in
the theory, but can induce isotropic distortions.58 As lubrication
hydrodynamics and thus hydro-clustering are strongly sup-
pressed9,12,59 due to the long-range repulsive potential and the
low volume fraction of the sample system, mainly far-field
hydrodynamic interactions should contribute to the distortion.
Another reason might be a possible limitation of the model to
small departures from equilibrium.
In contrast to concentrated hard sphere systems, we do not
detect an increase of DS(Qmax) in the flow direction.
15,25,36
Apparently, in the probed electrostatically interacting systems
a compression does not lead to an enhancement of the struc-
ture. This can be attributed to the fact that in hard sphere
systems structure arises due to the collision of nano-particles
with each other, while this is strongly diminished in electro-
statically interacting systems where the particles tend to maximize
the distance between each other. As the potential is softer and
particles have more room to adjust, one expects more pronounced
flow-induced changes from the equilibrium structure factor.
Indeed, around medium Pe in between 1 to 10 the structure is
strongly diminished, especially in comparison to hard sphere
systems.19,30 This could also explain the relatively low Pe´clet
numbers where we first observe structural changes as compared
to hard sphere experiments.21,30,60 Note also that the theory is
only valid for low Pe´clet numbers, so that the correspondence of
theory and experiments for Pe c 1, such as the merging of
the maxima in the flow-gradient plane with increasing Pe´clet
numbers, may be fortuitous.
3.2 Transient behavior
Our measurements hence reveal the pronounced distortion of
the nearest-neighbor structure underlying the rheological shear
thinning. We can now use the full time resolution to follow
dynamic behavior during the transients. To elucidate the build-
up and relaxation of the distorted structure, we follow the
system during the start-up, steady-state, and after the cessation
of shear, as shown in Fig. 4.
3.2.1 Transients in rheology and microstructure. The
rheology already reveals distinct transient behavior during the
start-up, as shown by the viscosity evolution before reaching the
steady-state in Fig. 4d–f. For Pe o 0.1 (d), the viscosity mono-
tonically increases before reaching its plateau value, while for
higher Pe´clet numbers (e and f), it overshoots at strains gE 0.5,
before reaching the plateau. Interestingly, this overshoot is
directly reflected in the microstructure: for Pe = 0.576, the peak
of the structure factor grows, while the particle distances adjust
to their overstretched steady-state flow configuration as shown
by the concomitant decrease of Qmax in g–i of Fig. 4. This
overshoot of the structure factor indicates enhanced positional
correlation of the strained structure in the flow direction,
suggesting elastic straining effects as repulsive particles are
squeezed together during the start-up of shear.
A new steady-state structure with decreased inter-particle
correlations is established about 10 s after the start of shear.
Interestingly, the transient behavior is also reflected in the
fluctuations of the scattered intensity snorm(Dt, Dy, DQ) defined
by eqn (1) (see Experimental and methods), as shown in Fig. 4e.
The fluctuations were recorded at Q = 0.015 nm1, near Qmax at
the slope of the first maximum of S(Q). These enhanced
fluctuations indicate higher entropy of the system: in equilibrium,
the system is isotropic, while out of equilibrium, when stress is
applied, the symmetry is broken as the sample evolves into an
anisotropic oriented state. The more pronounced intensity
fluctuations during the transient can be seen as the footprint
of a diﬀerent entropic state during the reorganization of
the colloidal system. For Pe = 5.8 all responses are more
pronounced, showing damped oscillations reminiscent of an
elastic response, where the system swings around its new steady
state structure, while for Pe o 0.1, where Brownian motion is
dominating, no deformation is observed as the system can
counteract deformation.
After the cessation of flow, all parameters relax to their
equilibrium value within about 10 seconds both for Pe = 0.576
and Pe = 5.76. This relaxation time is on the order of the
structural relaxation time tS = 4R0
2/D0 = 20 s. The relaxation
time is independent of the previous applied shear rate, the only
diﬀerence being the amplitude of relaxation, which is highest
for Pe = 5.76 where the sheared state is furthest from the
quiescent state. At a lower Pe´clet number these transient structural
eﬀects vanish, as shown for Pe = 0.0576, for which the smooth
evolution of viscosity is reflected in an unaﬀected micro-structure.
This decrease of the stress overshoot with a decreasing shear rate
has been also observed in hard sphere systems.61–63
3.2.2 Transients in the dynamics. The unique time resolu-
tion of our setup allows us to follow the suspension dynamics
during the transients. To do so, we computed autocorrelation
functions of the scattered intensity for short time intervals of
two seconds to evaluate particle dynamics; sliding time intervals
then allowed us to follow changes in particle dynamics during
the transients. The resulting evolution of the autocorrelation
function is shown in a color-coded representation in Fig. 5a,
taken at Qmax, the maximum of S(Q) in the flow direction.
Experimental time, plotted along the horizontal axis, again
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demarcates start-up shear (tE 5 s), steady-state shear (5 so to
30 s), and relaxation (t 4 30 s). The relaxation time scale t
plotted vertically indicates the evolution of the dynamics.
Clearly, when shear is applied, the autocorrelation function
decays faster, indicating enhanced diﬀusion and faster particle
dynamics. During steady-state shear, the corresponding auto-
correlation functions can be nicely modeled assuming an addi-
tional shear relaxation rate Gs of individual particles in the
scattering volume (see Experimental and methods, eqn (3) and
(4)). The flow velocity calculated from the extracted Gs agrees
exactly with the applied shear rate when assuming a linear flow
profile in between the two rheometer plates, as can be appreciated
comparing Fig. 4j and k, red solid line and red circles.
During the start-up, the autocorrelation function shows two
distinct decays as depicted in Fig. 5b, indicating the presence of
two relaxation processes, thermal (before the onset of shear)
and shear induced (after the onset of shear). Assuming that
shear-induced relaxation with rate Gs superimposes on the
thermal relaxation of the quiescent suspension with rate G,
the decay of the autocorrelation function can be described by
g2ðt;QÞ ¼ b ð1 bÞ exp½2Gt þ b sinðGs  tÞGs  t
 2 !
þ 1 (6)
From fits (solid lines in Fig. 5b) to the measured decays, we find
that the weighting factor b of the shear-induced contribution
increases linearly with time after start of shear, as shown in the
inset of Fig. 5b. It thus increases with the ratio of frames (for
the calculation of the autocorrelation function) before and after
the onset of shear. As an example, the autocorrelation function
for the time interval from 4.0 s to 6.0 s, where approximately
half of the frames for the calculation of the g2-function are
measured before and the other half measured after the onset of
shear flow, gives a value of b = 0.42. For the last point, obtained
for a correlation time interval entirely during shearing, the
weighting factor is indeed close to 1, corresponding to the
motion of all particles with the velocity of shear flow. We thus
conclude that the flow is transmitted instantaneously through-
out the gap of the shear cell.
The particle relaxation after the cessation of flow is char-
acterized by a gradual shift of the autocorrelation functions
towards a slower decay, as is apparent for t4 30 s in Fig. 5a. To
compare the autocorrelation functions at all experimental
times, we modeled them with the Kohlrausch–Williams–
Watts function,64 g2(Q) = bexp(2(Gt)g) + 1, with g being the
exponent of the exponential decay. The fits nicely agree with the
experimental autocorrelation functions during the cessation of
Fig. 4 Transients at Pe = 0.058, 0.576 and 5.762. (a–c) Applied shear-rate _g. (d–f) Temporal evolution of the viscosity (blue circles) and for Pe = 0.576
fluctuations of the scattering intensity I(Q) (red solid line) atQ = 0.015 nm1. (g–i) Temporal evolution of S(Qmax) (red line) and the position of the first maximum
Qmax (blue line) at an angle j = 01, c = 901 in flow direction. (j–l) Relaxation rate in the flow direction Gflow (red circles) and in the vorticity direction Gvorticity (black
diamonds). At Pe = 5.762, Gflow is shown only before and after shearing, as during shear the intensity was decorrelating too fast for reliable dynamics
measurements. The solid red lines correspond to the expected relaxation rates assuming a linear flow profile in between the two rheometer plates. The columns
correspond to Pe´clet numbers Pe = 0.0576, 0.576, 5.762, respectively. For all measurements the rheometer started after 5.0 s and sheared for 25 s.
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shear, indicating a broad distribution of decay times and a
gradual recovery of the equilibrium relaxation time, as depicted
in Fig. 5c. The extracted relaxation rates G in flow and vorticity
directions are depicted in Fig. 4j–l, together with the structural
changes in panels Fig. 4g–i. For a low Pe´clet number of 0.0576,
no changes in G can be detected perpendicular to the flow
direction during the start up or after the cessation of shear,
indicating that there is almost no contribution of shear to the
thermal relaxation rate due to diffusion. This situation changes
for increasing shear rates Pe 4 0.1, where the relaxation rate
increases due to the applied shear. The relaxation process after
the cessation of shear takes place for approximately 10 s,
corresponding to the timescale of the relaxation of the micro-
structure, which is on the order of the structural relaxation time
tS. Hence, the time scale of the dynamic relaxation coincides
nicely with the time scale of structural relaxation, confirming
the tight relationship between the microstructure and
dynamics. Because of this coupling, the dynamics continues
to be fast, even after the complete cessation of shear, while the
original quiescent structure has not reformed, until the original
structure has re-established, and concomitantly, the dynamics
have decayed to its original rate. The initial decay rate during
the recovery of the equilibrium relaxation time is about one to
two orders of magnitude higher than the quiescent diffusion,
indicating thus that there is a driving force for the reestablish-
ment of the equilibrium microstructure. This driving force is
given by the difference between the potential at the non-
equilibrium compressed state and the potential in the liquid
quiescent state, where the colloidal system balances the forces
between individual particles and thus restores the initial micro-
structure. Moreover, the decay of overall fluctuations, comprising
both correlated and uncorrelated ones, can be seen as an indication
of energy release from the system.
4 Summary and conclusion
Our combined measurements reveal the three-dimensional
structure and dynamics underlying the rheology during the
start-up, steady shear and relaxation of charged colloidal
liquids. The shear thinning of the colloidal fluid can be
attributed to the overall distortion of the structure factor. We
confirm predictions by generalized Smoluchowski theory56 for
the distortion of the full three-dimensional structure factor in
steady shear flow which leads to shear thinning. In particular,
the flow gradient plane gives us access to the compressional
and extensional direction where the structure is compressed
and stretched, respectively. This allows us to estimate the forces
to compress the particles. We show that the compression force
is suﬃcient to overcome the electrostatic potential inducing the
microstructure in the quiescent liquid.
The compression forces form the basis for understanding
the transient behavior. The structural restoration after the
cessation of shear flow is accompanied by a pronounced
slowing down of the colloidal dynamics which is initially up
to two orders of magnitude higher than the quiescent diﬀusion.
This anomalous flow-enhanced diﬀusion manifests directly the
electrostatic driven restoring force: it tends to equilibrate the
particle concentration in the compression and vorticity direction,
while filling the depleted space in the extensional and flow
direction on microscopic length scales corresponding to Qmax.
We suggest that this is in analogy to collective diﬀusion in equili-
brium, where the osmotic compressibility
@n
@P
¼ Sð0Þ=ðkBTÞ drives
the diﬀusion for Q- 0 for high-density gradients. It is shown
theoretically that this eﬀect is enhanced by shear flow,65–67
which is confirmed by simulations of fluidized soft glassy
Fig. 5 Time evolution of the intensity autocorrelation functions at Pe =
0.288. (a) Intensity autocorrelation functions g2(t) for diﬀerent experi-
mental times at Q = 0.021 nm1 in flow direction. The time interval for the
calculation of each autocorrelation function is 2 s while the gap between
two consecutive autocorrelation function is 0.4 s. The rheometer started
to shear with _g = 0.05 s1, corresponding to Pe = 0.288 at experimental
time 5.0 s and stopped at 30.0 s. A and B correspond to the experimental
times shown in (b) and (c) during the start-up and cessation of shear. The
loss of visibility of the autocorrelation functions between 35 s and 40 s is
possibly due to some fluctuations of the experimental setup during this
period. (b) Normalized intensity autocorrelation functions (g2(t)  1)/b in
flow direction of 6 time intervals Q = 0.021 nm1 at the start-up of shear.
The solid lines show a fit of eqn (6) to the data. The inset shows the
weighting factor b as a function of mean experimental time. (c) Normalized
intensity autocorrelation functions (g2(t)  1)/b in flow direction for 6 time
intervals after the cessation of flow atQ = 0.021 nm1. The solid lines show
a modelization using a stretched exponential decay.
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systems,32,34 where unbalanced contact forces drive the system
back to its equilibrium state. In analogy, the long-range repulsive
interactions between the charged particles likely enhance this
process and make it occur more pronounced than is found for
short-ranged repulsive systems, an effect which prompts for more
theoretical work.
Stress relaxation after the cessation of shear flow was also
observed for soft glasses and related to the restoration of
structure in simulations.33 We show here experimentally that
indeed the stress relaxation is governed by the structural and
dynamical relaxation in the fluid phase, which takes place on
the timescales of the structural relaxation time.
In addition, entropic intensity fluctuations, quantified by
snorm(Dt, Dy, DQ), show a similar transient behavior to both the
stress and the microstructure. Due to the breaking of symmetry
when shear is applied, the system can evolve towards more
possible configurations, pointing towards higher entropy of the
system reflected by the increased fluctuations. The events that
cause the fluctuations persist in these soft systems, because of
their regenerative character. This is consistent with the enhanced
diﬀusion as found by XPCS.
In conclusion, the combination of rheology and high-flux
coherent X-ray scattering on soft colloidal dispersion allowed us
to identify stress overshoots in transient with overshoots in the
structure deformation as well as in entropic intensity fluctuations.
These observations reveal the connection between the microscopic
structure and dynamics and the mechanical response of fluids.
Moreover, we could show that shear flow strongly enhances the
diﬀusion, which returns to the equilibrium behavior at the same
time scale as the equilibrium structure is restored after the cessation
of shear flow.We argue that the unique combination of experiments
we put forward here opens up the road for the full understanding of
complex flow behavior on all relevant length-scales.
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